A method to control the ion current in direct-current plasma-immersion ion implantation ͑PIII͒ is reported for low-pressure magnetized inductively coupled plasma. The ion current can be conveniently adjusted by applying bias voltage to the conducting grid that separates plasma formation and implantation ͑ion acceleration͒ zones without the need to alter the rf input power, gas flux, or other operating conditions. The ion current that diminishes with an increase in grid bias in magnetized plasmas can be varied from 48 to 1 mA by increasing the grid voltage from 0 to 70 V at Ϫ50 kV sample bias and 0.5 mTorr hydrogen pressure. High implantation voltage and monoenergetic immersion implantation can now be achieved by controlling the ion current without varying the macroscopic plasma parameters. The experimental results and interpretation of the effects are presented in this letter. This technique is very attractive for PIII of planar samples that require on-the-fly adjustment of the implantation current at high implantation voltage but low substrate temperature. In some applications such as hydrogen PIII-ion cut, it may obviate the need for complicated sample cooling devices that must work at high voltage.
Plasma immersion ion implantation ͑PIII͒ has been widely investigated in surface modification and semiconductor processing in recent years. [1] [2] [3] [4] [5] [6] [7] Compared to conventional beam-line ion implantation, the unique nonline-of-sight characteristic of PIII widens its applications to large and irregularly shaped industrial components, 5 while retaining its edge as an efficient and economical technique for large area niche semiconductor processes such as etching, 8 doping, 3, 9 separation by plasma implantation of oxygen ͑SPIMOX͒, [10] [11] [12] and hydrogen PIII/ion cut. 13, 14 Other advantages include high sample throughput, small instrument footprint, and on-the-fly control of the implantation energy. However, the immersion nature of the technique makes monoenergetic ion implantation, that is, implantation of ion species with a single energy, difficult due to the finite rise and fall time of the voltage pulse. Moreover, there is a high likelihood of metal ion contaminants being unintentionally sputtered from exposed surfaces in the chamber. [15] [16] [17] In addition, the maximum implantation voltage is limited by the chamber size and the plasma may extinguish if the plasma sheath touches the wall of vacuum chamber at high acceleration voltage and low plasma density. 18 In order to mitigate the influence of the voltage pulse rise and fall times, direct current plasma immersion ion implantation ͑dc-PIII͒ and quasidirect current plasma immersion ion implantation in long pulse mode ͑up to 500 s͒ have been investigated in our laboratory. 19, 20 A grounded conducting grid is used to partition the region of plasma generation from the plasma process region to block plasma sheath expansion. Monoenergetic plasma implantation can consequently be accomplished by applying a negative dc voltage to the substrate without resulting in plasma extinction. Quasi-dc PIII retains the pulsing characteristics but gives rise to less surface damage, a smaller low energy ion component, and the substrate temperature can be readily controlled by the pulsing frequency. We have also observed that biasing the grid can enhance the implantation efficiency. 21 In our dc-PIII experiments, the substrate ion current is observed to increase with the acceleration voltage and grid area. The implantation energy and ion current are somewhat limited by the radio-frequency ͑rf͒ power and gas pressure. In fact, low rf power ͑Ͻ1000 W for hydrogen͒ cannot ignite the plasma at low pressure ͑0.5 mTorr͒ in our setup. Therefore, large area, high energy, low current implantation is difficult to achieve by adjusting the rf input power and gas pressure.
In some applications such as hydrogen PIII for the fabrication of silicon-on-insulator ͑SOI͒, the substrate temperature must be low ͑Ͻ300°C͒ in order to avoid premature surface blistering.
14 A complex sample cooling mechanism must be used to offset the high heat input from the large incident ion flux because there is no easy way to adjust the ion current without changing the macroscopic parameters of the discharge such as the rf power and gas pressure. It has been reported that a biased grid can control the plasma parameters without changing the other working conditions in dc discharge, 22 capacitively coupled 23 and inductively coupled plasmas. 24 Sirghi et al. have reported the effects of grid bias on the plasma parameters in radio-frequency magnetron discharge. 25 In this letter, we present a grid controlled DC-PIII process for magnetized inductively coupled hydrogen plasma. The experimental setup is illustrated in Fig. 1 . It consists of a plasma discharge chamber (600 mm ϫ300 mm) and materials processing chamber (760 mm ϫ1030 mm), both made of stainless steel and pumped by a turbo pump and a mechanical pump. The background presa͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk APPLIED PHYSICS LETTERS VOLUME 82, NUMBER 13 31 MARCH 2003 sure is about 7ϫ10 Ϫ6 Torr. Four planar rf inductive coils are placed on four planar quartz windows on top of the plasma discharge region and 13.56 MHz rf power ͑0-2000 W͒ is coupled to the plasma through the quartz windows via four pancake inductive antennas. An external axial magnetic field is introduced into the plasma discharge region and processing region by external Helmholtz type electromagnetic coils outside the discharge chamber shown as dashed lines in Fig.  1 . The axial magnetic field can be adjusted from 0 to 100 G by changing the coil current I c . Therefore, the plasma is weakly magnetized. In this regime, the magnetic field confines electron motion but does not affect the ion trajectories. In our previous work, we inserted a grounded grid between the plasma discharge chamber and processing chamber to serve as a plasma sheath boundary in dc-PIII and quasi-dc PIII. For the present experiments, we apply positive bias to the grid in the center of the processing chamber. The grid separates the processing chamber into two parts, a plasma diffusion region ͑upper͒ and an ion extraction region ͑lower͒. Cylindrical coordinates are used to designate the position in the plasma discharge and processing chambers, with z ϭ0 mm denoting the position of the grid as shown in Fig. 1 . The plasma parameters are monitored by an electrostatic Langmuir probe that has a cylindrical tungsten tip 10 mm long and 0.2 mm in diameter.
The plasma parameters are measured to investigate the influence of the positive bias grid voltage on the plasma discharge characteristics with and without the external magnetic field. An external magnetic field is known to improve the ionization and power absorption efficiency at low pressure in small aspect ratio chambers (L/RϽ1 for cylindrical geometry͒ for inductively coupled plasmas. 26 In the present work, we use the external magnetic field to enhance the plasma discharge at low rf input power and magnetize the electrons in the plasma. The hydrogen plasma ion densities n i are monitored in the plasma diffusion region (z ϭ15 mm) with and without the magnetic field when a positive grid bias voltage V g is applied to the grid, and the results are shown in Fig. 2 . The rf power is 1000 W and the pressure is 0.5 mTorr. The strengths of the magnetic field in the plasma discharge and processing regions are monitored using different magnetic coil currents I c . The axial magnetic field B z is about 1 G at zϭ15 mm when the magnetic coil current I c is 0.2 A. It is observed that the plasma ion density n i increases with the grid bias voltage when no magnetic field is applied (I c ϭ0 A). This result indicates that a positive grid bias voltage enhances the plasma discharge in unmagnetized hydrogen plasma. When an external magnetic field is applied, the plasma ion density n i decreases with the grid bias voltage when V g is less than about 30 V and increases when V g is larger than about 30 V at low magnetic field strength (I c р0.4 A). Minimum ion density occurs at grid bias voltage of about 30 V with different external magnetic fields. This shows that a positive grid bias voltage results in a decrease of the plasma ion density in the plasma diffusion region. Similar results are observed in the plasma discharge region. This is believed to be due to the change in plasma diffusion and discharge characteristics in magnetized plasma when a positively biased grid is inserted into the processing chamber. The plasma density in the diffusion region is established by the balance between the loss of particles to the chamber wall and the flux of particles coming from the plasma source, that is, the plasma emitted from the discharge chamber. When a positive grid bias voltage is applied, electrons are drawn from the plasma via helical motion along the magnetic field lines to the grid and ions are rapidly repelled toward the chamber wall. This induces nonambipolar radial diffusion and results in the enhancement of axial ambipolar diffusion in magnetized plasmas, and the balance is destroyed. The increase of the external magnetic field and of the grid bias voltage enhances particle loss by diffusion. The plasma ion density must consequently be reduced with increased particle loss to the chamber wall with no change in the source plasma flux. This is expected from the continuity and drift-diffusion equations of steady state gas discharge 27, 28 
⌫ϭϪD a ٌn, ͑2͒
where ⌫, n, D a , and S are, respectively, the particle flux, the plasma density, the ambipolar diffusion coefficient, and the particle source term. An increase of the diffusion coefficient thus results in a decrease of the plasma density without the external plasma generation source. When V g Ͼ30 V, the potential difference between the anode grid and the plasma cathode may exceed the ionization potential of hydrogen molecules and glow discharge occurs. The additional dc discharge introduced by the positively biased grid provides a new plasma generation source so the plasma ion density subsequently increases. When negative high voltage is applied to the wafer stage, ions are extracted from the plasma diffusion region via the biased grid. The acceleration currents I a versus the grid bias voltages at acceleration voltage V a ϭϪ50 kV with and without the external magnetic field are depicted in Fig. 3 . Here, the grid mesh is 2ϫ2 mm 2 and the grid diameter is 250 mm. Our results show that the current only increases by about 25% without the external magnetic field when V g ϭ70 V. The current diminishes with an increase in grid bias voltage when the plasma is magnetized, from 48 to 1 mA, by simply adjusting the grid bias voltage from 0 to 70 V at I c ϭ0.8 A without needing to alter other macroscopic plasma parameters. One reason is that the grid bias voltage decreases the plasma ion density in the plasma diffusion region. Meanwhile, the biased grid also influences the electron temperature and plasma potential. 25 The plasma potential is well below the grid biasing potential in magnetized diffusion plasma, whereas the plasma potential is very close to the grid biasing potential with no external magnetic field. A space charge sheath thus exists between the plasma boundary and biased grid. The difference in potential of the anode grid sheath increases with the grid potential in magnetized plasma. This will prohibit a portion of the ions being extracted by the negative high voltage in the ion extraction region due to the more negative plasma potential with respect to the positive bias grid, which also serves as an ion beam extraction grid. Although the plasma ion density in the diffusion region does not decrease when V g Ͼ30 V, the extraction ion current still decreases with an increase in grid bias. Therefore, the implantation current can be varied on the fly by simply adjusting the grid voltage to control the extraction ion current without the need to alter the macroscopic parameters. In this way, high implantation voltage and low ion current monoenergetic plasma implantation can be achieved. Even though the lower current increases the implantation time, it can be partially offset by continuous implantation in dc-PIII compared to the pulsing nature in conventional PIII. Our method provides a flexible means by which to control the ion current which has been very difficult to do. A lower current also reduces the requirement on the power supply as well as other instrumental concerns such as secondary electron emission and x-ray shielding, both of which are very serious for high-voltage implantation. It is particularly attractive for hydrogen PIII/ion cut to avoid sample overheating while retaining the immersion advantage and desired efficiency. 
